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Introduction {#sec1}
============

The functional phenotypes of macrophage vary in response to the external stimuli that they receive through a wide variety of surface receptors ([@bib40]). Macrophage with the M1, or classical activation phenotype, release multiple pro-inflammatory molecules ([@bib56]). M1 macrophages are critical effectors of inflammation and innate immunity as well as orchestrators of adaptive immunity ([@bib17], [@bib34]). On the contrary, macrophage with M2, or alternatively activated phenotype, produces factors involved in anti-inflammatory and tissue remodeling functions ([@bib39], [@bib48], [@bib67], [@bib68]). Although originally macrophage functions were defined in the context of host defense against infections, this dynamic continuum of macrophage functional phenotypes is now appreciated as being important in various acute and chronic disease conditions ([@bib29], [@bib37], [@bib38]). Thus, clearly, the mechanistic underpinnings of macrophage activation to critical functional phenotypes will have important therapeutic implications. In this regard, environmental signals such as interferon (IFN) γ or Toll-like receptor ligands upon interactions with their specific cell surface receptors activate signal transduction pathways involving phosphorylation of STAT1 and nuclear factor (NF)-κB ([@bib39]). The cascade of events that follow, including the integration of these signals culminates in the production of M1-associated inflammatory molecules ([@bib24], [@bib30]). However, the upstream factors interacting with these endogenous signaling pathways culminating in the development of M1 inflammatory macrophages are poorly understood.

Cellular activation requires the collaboration of many pathways to cause a precise stimulus-specific induction of gene expression. In stimulated cells, divalent cations serve as second messengers and regulate the function of many enzymes and transcription factors ([@bib7]). Intracellular calcium (Ca^2+^ is an important divalent cation that controls many cellular functions such as cell plasticity, development, cell proliferation, and differentiation ([@bib15], [@bib21]). Increases in intracellular Ca^2+^ levels also enhance immune functions ([@bib4], [@bib47], [@bib64]). In activated T cells, Ca^2+^ signaling regulates the cytokine and chemokine gene expression in a calcineurin-NFAT-dependent manner ([@bib11], [@bib20], [@bib35], [@bib42], [@bib41], [@bib66]), highlighting its role in adaptive immune cell activation. In innate immune functions, inhibition of intracellular Ca^2+^ signaling was shown to reduce phagocytosis, and production of tumor necrosis factor (TNF)-α, and nitric oxide (NO) in J774 cells, a macrophage cell line ([@bib6], [@bib66]). However, the identity of the specific channels involved in Ca^2+^ entry to modulate the macrophage phenotype remains obscure.

In non-excitable cells, the cytosolic Ca^2+^ changes occur mainly by the release of Ca^2+^ from intracellular endoplasmic reticulum (ER) stores, followed by influx through the plasma membrane (PM) Ca^2+^ channels, which is termed as store-operated Ca^2+^ entry (SOCE) ([@bib43]). The PM Ca^2+^ channels could be broadly divided into two groups: the CRAC (Ca^2+^ release-activated Ca^2+^/SOCE channels and the non-CRAC/non-SOCE channels ([@bib14]). The ORAI1 gene encodes functions of a CRAC channel ([@bib13], [@bib36], [@bib45], [@bib74]), whereas the TRPC (transient receptor potential canonical) channels have been shown to be activated upon store depletion as well as through receptor-mediated activation, which requires second messengers ([@bib15], [@bib61], [@bib69]). The majority of the studies reporting the role of Ca^2+^ influx in immune cell function have been focused on CRAC channels. For instance, patients with CRAC channelopathy develop lethal pathological outcome upon infection with bacteria, fungi, and viruses ([@bib3], [@bib12]). A loss-of-function mutation in ORAI1 is associated with a low humoral response against vaccination or infection with various pathogens in affected humans ([@bib31], [@bib44]). In preclinical experimental models, mice lacking STIM1, the ER Ca^2+^ sensor responsible for the assembly of ORAI1-based Ca^2+^ entry and an activator of TRPC1-based Ca^2+^ entry, display an increased susceptibility to bacterial infection, but a diminished disease severity in inflammatory bowel disease or experimental autoimmune encephalomyelitis (EAE) (referenced in [@bib15]). Although other studies described T cell-specific functions of CRAC channels ([@bib25], [@bib41]), their role in macrophage responses to modulate immune pathology is limited.

Besides ORAI and TRPC channels, TRPV, TRPM, P2RX, and voltage-gated channels are also expressed in immune cells and could also modulate immune function ([@bib46], [@bib59], [@bib60], [@bib62], [@bib61], [@bib65]). Cav channels are found to modulate T cell responses and development of experimental asthma and EAE ([@bib65]). P2RX7 was shown to modulate the inflammatory response of macrophage in the development of autoimmune disease ([@bib10], [@bib26]), as well as in controlling bacterial infection ([@bib23]). Among the TRP channel proteins, direct evidence suggests that in the absence of TRPM2 or TRPV2, mice display lower inflammatory responses and are resistant to autoimmune disorders such as obesity-induced insulin resistance or EAE, respectively ([@bib15]). In contrast, these mice displayed increased susceptibility to *Listeria monocytogenes*, presumably because of lower inflammatory response to the infection ([@bib28]). Some TRP channels seem to play a role in innate immunity/macrophage functions, e.g., chemotaxis, and phagocytosis ([@bib32]). Despite this mounting evidence for the importance of Ca^2+^ signaling in the pathogenesis of infections and autoimmune disorders, little is known about the identity or function of Ca^2+^ channel(s) directly responsible for induction of the M1 functional phenotype.

The goal of this study was to identify the PM Ca^2+^ channel involved during naive macrophage polarization to the M1 inflammatory phenotype using well-characterized stimuli such as IFNγ and bacterial infection. In addition to the ORAI1-based CRAC channel, the best documented TRPC-based Ca^2+^ influx channel that is activated upon store depletion is TRPC1 ([@bib33], [@bib69], [@bib75]) ([@bib1], [@bib22], [@bib27]). Studying TRPC1^−/−^ and wild-type (WT) macrophages or after knocking down TRPC1 transiently using small interfering RNA (siRNA), *in vitro*, *ex vivo*, and *in vivo,* we found that TRPC1 mediates induction of Ca^2+^ influx during polarization from naive macrophage to M1 macrophage as seen by the level of expression of M1-associated inflammatory cytokines, chemokines, surface maturation markers, and signaling pathways. Importantly, our findings with the preclinical mouse model were translatable to human disease condition wherein analysis of circulating monocyte/macrophages from human patients with systemic inflammatory response syndrome (SIRS) exhibited direct correlation between high TRPC1 expression and M1 inflammatory mediators. These data identify, for the first time, TRPC1 as a specific PM Ca^2+^ channel that regulates M1 inflammatory functions in macrophage.

Results {#sec2}
=======

Calcium Influx Is Required for IFNγ−Induced Polarization of Macrophages to the M1 Phenotype *In Vitro* {#sec2.1}
------------------------------------------------------------------------------------------------------

To address whether Ca^2+^ influx has a role in the induction of M0 to M1 macrophage phenotype, bone marrow-derived (BM) macrophage cells were incubated with IFNγ for various times ([Figure 1](#fig1){ref-type="fig"}). The amount of Ca^2+^ influx in unstimulated (M0) macrophages cultured for 2, 6, or 24 hr ([Figures 1](#fig1){ref-type="fig"}B′, 1C′, [S1](#mmc1){ref-type="supplementary-material"}A, S1A′, and S1A″) were largely similar. Ca^2+^ imaging revealed a significant increase in internal ER Ca^2+^ released by thapsigargin (Tg) (first peak), followed by enhanced Ca^2+^ influx (second peak) in IFNγ-activated macrophages (for 2 and 6 hr) when compared with mock-treated control cells (M0) cultured in medium alone for corresponding duration ([Figures 1](#fig1){ref-type="fig"}B, 1B′, [S1](#mmc1){ref-type="supplementary-material"}A, and S1A′). Importantly, prolonged IFNγ treatment (for 24 hr) further increased SOCE, suggesting that IFNγ treatment modulates Ca^2+^ influx ([Figures 1](#fig1){ref-type="fig"}C and 1C′). To address whether the increased Ca^2+^ influx in IFNγ-primed macrophage is specific, cells were incubated with a known SOCE Ca^2+^ channel inhibitor 2APB ([@bib57]). 2APB significantly inhibited Ca^2+^ influx, but not the ER release of Ca^2+^ in IFNγ-primed BM macrophage ([Figures S1](#mmc1){ref-type="supplementary-material"}A and S1A′). Next, electrophysiological recordings were performed to measure the currents associated with the Ca^2+^ influx in IFNγ-primed BM macrophages and mock-treated control cells. Currents recorded using voltage-clamp conditions showed that application of Tg in the presence of external Ca^2+^ (2 mM) caused a significant increase of non-selective inward currents that reversed between 0 and −5 mV in IFNγ-primed BM macrophages cultured for 2, 6, or 24 hr compared with the mock-treated control cells cultured in medium alone for corresponding duration ([Figures 1](#fig1){ref-type="fig"}D and [S1](#mmc1){ref-type="supplementary-material"}A‴; data not shown). Together, these data indicate that IFNγ-primed macrophage displayed an increased Ca^2+^ influx, which likely influences their function *in vitro*.Figure 1IFNγ Induces Ca^2+^ Influx and Shapes M1 Functional Phenotype Development in Macrophage *In Vitro*(A) BM macrophages were generated *in vitro* (20 ng/mL GMCSF) and cultured in the presence or absence of 20 ng/mL IFNγ (-phenotype inducer). Whole-cell patch-clamp and imaging analysis on these cells were performed to measure IFNγ-induced effects on Ca^2+^ release and influx. M1-associated mediators were measured in cells cultured in the presence or absence of 50 μM 2APB (Ca^2+^ entry inhibitor) by western blot, RT-PCR, and colorimetric assay.(B and C) BM macrophages were pulsed with medium alone (M0) or IFNγ (M1) for 2 and 24 hr and loaded with Fura-2AM. 1 μM Tg was added (first arrow) to the Fura-2AM-loaded cells bathed in Ca^2+^-free medium to measure the internal Ca^2+^ release (first peak); thereafter 2 mM external Ca^2+^ was added (second arrow) to measure Ca^2+^ entry/influx through PM (second peak). Average analog plots of the fluorescence ratio (340/380 nm) from an average of 40--50 cells are shown. (B′ and C′) The corresponding bar graphs represent the mean ± SEM of Ca^2+^ release (first peak) and store-operated Ca^2+^ entry (SOCE) (second peak) under these conditions.(D) Representative time course of Ca^2+^ current at −80 mV with 0 mV holding potential from BM macrophages pulsed with medium alone (M0) or IFNγ. Whole-cell patch-clamp was performed with Tg in the pipette solution.(E) Comparison of NOS2 mRNA expression by qPCR analysis of BM macrophages cultured in medium alone (M0) or with IFNγ (M1) in the presence or absence of 2APB. The bars are representative of three independent experiments.(F) Comparison of NO levels in culture supernatant of BM macrophages cultured with medium alone (M0) or IFNγ (M1) in the presence or absence of 2APB. Data shown are Mean ± SEM.(G) The level of pNF-κB p65 (pp65) (Cell Signaling, 3033S), pSTAT1 (Cell Signaling, 9167S), GAPDH, p65, or STAT1 in BM macrophages cultured with medium alone (M0) or IFNγ (M1) in the presence or absence of 2APB by immunoblot. Data shown are representative of three independent experiments with similar results. The average pixel intensity of pSTAT1 or pp65 bands was measured and expressed in bar graphs as mean ± SEM (G′).\*p ≤ 0.05, \*\*\*p ≤ 0.001 (Student\'s t test).See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

IFNγ interaction with the cell surface receptor(s) on macrophages activates specific polarizing signal transduction pathways (e.g., STAT1, NF-κB) to develop the M1 functional phenotype ([@bib16], [@bib39]). In this regard, production of NO and/or induction of inducible nitric oxide synthase (NOS2) enzyme that regulates NO production are considered to be the signature responses associated with the M1 phenotype. IFNγ treatment induced BM macrophages to produce significant amounts of NO ([Figure 1](#fig1){ref-type="fig"}F). This IFNγ-induced NO production was inhibited upon treatment with 2APB, the non-specific Ca^2+^ channel inhibitor ([Figure 1](#fig1){ref-type="fig"}F). Moreover, 2APB treatment significantly inhibited IFNγ-induced increase in NOS2 gene expression ([Figure 1](#fig1){ref-type="fig"}E). Moreover, immunoblot analysis revealed that exposure of BM macrophage to IFNγ leads to a time-dependent increase in the level of pSTAT1 and pNF-κB p65 (pp65), whereas addition of 2APB caused a reduction when compared with cells exposed to IFNγ alone ([Figures 1](#fig1){ref-type="fig"}G, 1G′, and [S1](#mmc1){ref-type="supplementary-material"}B), which was statistically significant ([Figure 1](#fig1){ref-type="fig"}G′). As expected, macrophages exhibited similar levels of no significant effect on total p65, STAT1, and GAPDH with or without treatment. Together, these data suggest that in *in vitro* conditions Ca^2+^ influx may be required for M1 phenotype function.

ORAI1 and TRPC1 Channels Differentially Mediate Ca^2+^ Influx in M0/Naive and M1 Macrophage *In Vitro* {#sec2.2}
------------------------------------------------------------------------------------------------------

The identity of the Ca^2+^ channel-regulating M1 macrophages is unknown. Thus electrophysiological recordings were performed to identify specific PM Ca^2+^ channel(s) contributing to Ca^2+^ influx during polarization of naive to M1 inflammatory macrophages *in vitro*. The Ca^2+^ currents were recorded at a holding potential of −80 mV, and I-V curves were developed using a ramp protocol where current density was evaluated at various membrane potentials and plotted. Our results revealed that unstimulated BM macrophages (naive/M0 macrophages) cultured for 2, 6, or 24 hr in medium alone displayed basal currents that appeared to be rectifying inward with I~CRAC~- like properties, which were similar to those previously observed for ORAI1 channels ([Figure 2](#fig2){ref-type="fig"}A; data not shown). To address whether ORAI1 plays a role in basal Ca^2+^ influx and hence contributes to the observed I~CRAC~- like current in naive macrophage, cells were transfected with non-targeting control siRNA (M0-siC) or ORAI1 siRNA (M0-siO1) (reduced ORAI1 expression was verified \[[Figure S2](#mmc1){ref-type="supplementary-material"}B\]). Electrophysiological recordings on these M0-siO1 cells showed a significant decrease in the inward-rectifying I~CRAC~- like currents (∼2-fold decrease in ORAI1-silenced cells versus control siRNA-treated cells) ([Figures 2](#fig2){ref-type="fig"}C and 2C′). In contrast, IFNγ exposure induced a progressive increase in current with properties similar to I~soc~ ([Figure 2](#fig2){ref-type="fig"}A). In addition, 6 and 24 hr post-IFNγ exposure, the resulting macrophage displayed a non-selective Ca^2+^ current that reversed between 0 and 5 mV with I~soc~-like properties that have been reported for the TRPC1 channel ([Figure 2](#fig2){ref-type="fig"}A) ([@bib50]). To test whether TRPC1 is required for the M1 phenotype, BM macrophages derived from TRPC1^−/−^ mice were used. Exposure to IFNγ displayed an attenuation of IFNγ-increased I~soc~-like current (∼2.0- to 3.0-fold decrease) in TRPC1^−/−^ cells versus WT cells ([Figure 2](#fig2){ref-type="fig"}B). Likewise, BM macrophage transfected with TRPC1 siRNA (reduced TRPC1 expression was verified \[[Figure S2](#mmc1){ref-type="supplementary-material"}B\]) displayed significantly reduced I~soc~-like currents after exposure to IFNγ ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2A′). In contrast, IFNγ-primed macrophage displayed largely intact Ca^2+^ current upon ORAI1-silencing (reduced ORAI1 expression was verified \[[Figure S2](#mmc1){ref-type="supplementary-material"}B\]), albeit at a marginally lower level compared with the cells transfected with control siRNA ([Figures 2](#fig2){ref-type="fig"}C and 2C′). However, silencing of both TRPC1 and ORAI1 significantly decreased Ca^2+^ current in both naive and IFNγ-induced M1-BM macrophages ([Figures 2](#fig2){ref-type="fig"}D and 2D′). As the magnitude of the decrease in Ca^2+^ current in ORAI1-silenced BM macrophage with or without exposure to IFNγ was similar ([Figures 2](#fig2){ref-type="fig"}C and 2C′), it suggested that TRPC1 could compensate for IFNγ-induced Ca^2+^ currents associated with BM macrophage polarization from naive/M0 to M1 phenotype. Together these data suggest that under *in vitro* conditions ORAI1 functions as a dominant contributor to the basal Ca^2+^ influx in naive macrophage, whereas TRPC1 is the major contributor to the Ca^2+^ influx in IFNγ-induced M1 macrophages.Figure 2PM Ca^2+^ Influx Channels in M1 Macrophages *In Vitro*(A) BM macrophages were pulsed with medium alone (M0) or IFNγ (M1) for the indicated times and subjected to whole-cell patch clamp recordings. The I-V curves display presence of signature current for TRPC1 channels in M1 macrophages and for ORAI1 channels in M0 macrophages. Averages of 8--10 recordings at −80 mV and corresponding statistics are shown in bar graph (A′).(B) Comparison of IV curves of WT and TRPC1^−/−^ macrophages cultured with medium alone (M0) for 24 hr, or IFNγ (M1) for 24 hr. The signature current for TRPC1 channels increased in IFNγ-exposed WT macrophages, but not in TRPC1^−/−^ macrophages. Average current density recordings from 8 to 10 cells at −80 mV and corresponding statistics are shown in bar graph (B′).(C) BM macrophages transfected with control siRNA (siC) or siRNA specific for ORAI1 (siO1) were cultured under M0 and M1 conditions for 24 hr. I-V curves were compared in control and ORAI1 knockdown cells by whole-cell patch-clamp recordings. Statistics from 8--10 recordings are shown in bar graph (C′).(D) I-V curves were compared between BM macrophage transfected with control siRNA (siC) and cells transiently transfected with siRNA against TRPC1 and ORAI1 together (siT1+siO1) and cultured under M0 and M1 conditions for 24 hr. Averages (8--10 recordings at −80 mV) and statistics are shown in bar graph (D′).(E) Representative time course of TRPC1 and ORAI1 protein expression in response to IFNγ by BM macrophages after immunoprecipitation with anti-STIM1 antibody (Cell Signaling, 4916S), followed by immunoblotting as seen upon subjecting 30 μg protein to SDS-PAGE and anti-TRPC1 (Abcam, ab192031), anti-ORAI1 (Alamone Lab, ACC-060), or anti-STIM1 (Cell Signaling, 4916S; used as loading control). The bar graphs (E′) represent average pixel intensity of the respective protein bands from three independent experiments.(F) TRPC1 and ORAI1 protein expression in BM macrophage pulsed with IFNγ for 0 min, 2 hr, or 6 hr by western blot as seen subjecting 30 μg protein to SDS-PAGE and using anti-TRPC1 (Abcam, ab192031), anti-ORAI1 (Alamone Lab, ACC-060), or β-actin (Cell Signaling, 4970S). The bar graphs (F′) represent the average pixel intensity of the respective TRPC1 and ORAI1 protein bands from three independent experiments.\*p ≤ 0.05, \*\*p ≤ 0.01, \*\*\*p ≤ 0.001 (Student\'s t test).See also [Figures S2](#mmc1){ref-type="supplementary-material"} and [S4](#mmc1){ref-type="supplementary-material"}.

STIM1 has been shown to be the critical regulator for both ORAI1 and TRPC1 channels ([@bib22]). Thus association of STIM1 with ORAI1 and TRPC1 in naive versus M1 macrophages was evaluated ([Figures 2](#fig2){ref-type="fig"}E, 2F, and [S4](#mmc1){ref-type="supplementary-material"}). Cells exposed to IFNγ exhibited increased TRPC1-STIM1 association ([Figure 2](#fig2){ref-type="fig"}E), which was statistically significant compared with the basal level ([Figure 2](#fig2){ref-type="fig"}E′). On the other hand, these cells displayed a loss in ORAI1-STIM1 association compared with the association in naive macrophages ([Figure 2](#fig2){ref-type="fig"}E). Moreover, ORAI1 expression at protein level was detected at a significantly higher level compared with TRPC1 in naive macrophages ([Figures 2](#fig2){ref-type="fig"}F and 2F′). Remarkably, IFNγ exposure induced a progressive increase in TRPC1 expression ([Figure 2](#fig2){ref-type="fig"}F), which was statistically significant ([Figure 2](#fig2){ref-type="fig"}F′). In contrast, ORAI1 expression remained unchanged compared with basal levels (at 0 hr) in BM macrophage ([Figures 2](#fig2){ref-type="fig"}F and 2F′). Together, the results revealed that IFNγ stimulation specifically induces an increased TRPC1 expression, along with increased TRPC1-STIM1 interaction, which increases TRPC1 channel activity in M1 macrophage *in vitro*.

TRPC1 Mediates the Elevated Ca^2+^ Influx in BM Macrophage Polarized to M1 Phenotype *In Vivo* {#sec2.3}
----------------------------------------------------------------------------------------------

To test the physiological relevance of our *in vitro* findings, we next used a murine peritonitis model to determine if TRPC1 had a similar effect in M1 activation *in vivo* ([Figure 3](#fig3){ref-type="fig"}). Lipofectamine complexed with ORAI1-siRNA or TRPC1-siRNA was administered i.p. into the thioglycolate-injected mice to transiently knock down the pertinent channels in peritoneal macrophages *in vivo* ([Figure S3](#mmc1){ref-type="supplementary-material"}). To determine if TRPC1 contributes to the elevated Ca^2+^ influx in M1 cells generated upon IFNγ exposure *in vivo*, Ca^2+^ imaging was performed. TRPC1-deficient peritoneal macrophages (M1-siT1) from mice that received TRPC1-siRNA and IFNγ displayed a significantly decreased Ca^2+^ influx when compared with the peritoneal macrophages from mice that were given IFNγ and control siRNA (M1-siC) ([Figures 3](#fig3){ref-type="fig"}C and 3C′). In contrast, ORAI1-deficient peritoneal macrophages from mice that received ORAI1- siRNA and IFNγ (M1-siO1) displayed only a marginal decrease in Ca^2+^ influx that was not significant when compared with PM1-siC cells ([Figures 3](#fig3){ref-type="fig"}C and 3C′). Importantly, peritoneal macrophages from TRPC1^−/−^ mice that received IFNγ (M1-TRPC1^−/−^) displayed a robust decrease in Ca^2+^ influx when compared with the peritoneal macrophages from WT mice with IFNγ (M1-WT) ([Figures 3](#fig3){ref-type="fig"}B and 3B′). Furthermore, electrophysiological recordings showed that peritoneal macrophages from the WT mice that were treated with IFNγ displayed a robust ∼3.0-fold increase in non-selective Ca^2+^ current compared with the M0-WT ([Figures 3](#fig3){ref-type="fig"}D and 3D′). In addition, the current reversed at 0 mV and had similar properties to that of TRPC1-dependent I~soc~ ([Figure 3](#fig3){ref-type="fig"}D) as observed earlier. Indeed, IFNγ-primed peritoneal macrophages from TRPC1^−/−^ mice (M1-TRPC1^−/−^) failed to display the induced I~soc~-like Ca^2+^ current compared with the cells from WT mice ([Figures 3](#fig3){ref-type="fig"}D and 3D′). Moreover, peritoneal macrophages from WT (M0-WT) and TRPC1^−/−^ (M0-TRPC1^−/−^) mice that received PBS only displayed a Ca^2+^ current with properties similar as ORAI1-dependent I~CRAC~ ([Figure 3](#fig3){ref-type="fig"}D).Figure 3TRPC1 Mediates IFNγ-Induced Ca^2+^ Influx in Peritoneal Macrophages *In Vivo*(A) Schematic showing calcium imaging, electrophysiological recordings, and biochemical analysis performed on peritoneal macrophages (peritoneal macrophages) from IFNγ i.p. injected WT and TRPC1^−/−^ mice or mice injected with TRPC1 siRNA or ORAI1 siRNA to transiently knock down these proteins *in vivo* before the animals received IFNγ.(B) Ca^2+^ entry triggered by Tg in peritoneal macrophages from WT or TRPC1^−/−^ mice that received IFNγ i.p. (M1). Analog plots of the fluorescence ratio (340/380 nm) from an average of 40--50 cells are shown. The bar graph (B′) indicates means ± SEM of the Ca^2+^ release (left peak in B) and store-operated Ca^2+^ entry (SOCE) (right peak in B).(C) Ca^2+^ entry triggered by Tg in IFNγ-exposed peritoneal macrophages transiently deficient in TRPC1 (M1-siT1) or ORAI1 (M1-siO1), or control cells (M1-siC) obtained from mice that received non-targeting siRNA. Analog plots of the fluorescence ratio (340/380 nm) from an average of 40--50 cells are shown. The bar graph (C′) indicates means ± SEM of the Ca^2+^ release.(D) I-V curves in peritoneal macrophages from WT or TRPC1^−/−^ mice that received IFNγ (M1) or vehicle (M0) i.p. Average of 8--10 recordings for current intensity at −80 mV is presented in the bar graph (D′).(E) IFNγ-exposed peritoneal macrophages transiently deficient in TRPC1 (M1-siT1) or ORAI1 (M1-siO1), or control cells (M1-siC) were subjected to whole-cell patch-clamp recordings. Average of 8--10 recordings used for I-V relationships are shown in bar graph (E′).(F) TRPC1-STIM1 and ORAI1-STIM1 complex formation in peritoneal macrophages from C57BL/6 mice i.p. injected with PBS (M0-PBS), thioglycolate (M0-Thio) and PBS, or thioglycolate and IFNγ (M1). Immunoprecipitation was performed on 250 μg of protein extracts from approx. 5 × 10^6^ cells using anti-STIM1 antibodies (Cell Signaling, 4916S) as seen after subjecting the immunoprecipitates to SDS-PAGE followed by immunoblot detection with anti-TRPC1 (Abcam, ab192031) and anti-ORAI1(Alamone Lab, ACC-060). Anti-STIM1 (Cell Signaling, 4916S) was used for loading control. Bar graph (F′) represents the average pixel intensity of the respective protein bands from three independent experiments.(G) TRPC1 and ORAI1 protein expression in peritoneal macrophages from C57BL/6 mice i.p. injected with PBS (M0-PBS), thioglycolate and PBS (M0-Thio), or thioglycolate and IFNγ (M1) as seen subjecting 30 μg protein to SDS-PAGE and using anti-TRPC1 (Abcam, ab192031), anti-ORAI1 (Alamone Lab, ACC-060), or anti-GAPDH for western blot. Bar graph (G′) represents the average pixel intensity of the respective protein bands from three independent experiments.\*p ≤ 0.05, \*\*\*p ≤ 0.001 (Student\'s t test).See also [Figure S3](#mmc1){ref-type="supplementary-material"}.

Next, peritoneal macrophages from mice that received TRPC1-siRNA, ORAI1-siRNA, or control siRNA before i.p. injection with IFNγ or vehicle (PBS) were further analyzed. TRPC1-deficient peritoneal macrophages from mice that received TRPC1-siRNA and IFNγ (M1-siT1), but not ORAI1-siRNA and IFNγ (M1-siO1), displayed complete inhibition of the IFNγ-induced I~soc~ with compared with M1-siC cells ([Figures 3](#fig3){ref-type="fig"}E and 3E′). Indeed, similar to the M1-TRPC1^−/−^, M1-siT1, the IFNγ-primed peritoneal macrophages that are transiently deficient in TRPC1, displayed a low amount of residual current, which is similar in magnitude and characteristic (inwardly rectifying like ORAI1- mediated I~CRAC~) to the basal current detected in control macrophage ([Figures 3](#fig3){ref-type="fig"}D and 3E). These data further suggest that ORAI1-dependent Ca^2+^ influx is present in naive macrophage, whereas TRPC1 mediates the IFNγ-induced Ca^2+^ influx in M1 macrophage *in vivo*.

To confirm the *in vivo* role of TRPC1 in IFNγ-induced macrophage polarization to M1 phenotype, the interaction between STIM1 and TRPC1/ORAI1 was also analyzed ([Figures 3](#fig3){ref-type="fig"}F and [S4](#mmc1){ref-type="supplementary-material"}). Mice that received PBS or thioglycolate only, or thioglycolate and IFNγ, were sacrificed for analysis of STIM1-TRPC1 and STIM1-ORAI1 interactions. Co-immunoprecipitation using anti-STIM1 on cell lysate followed by western blot analysis with relevant antibodies were performed. Peritoneal macrophages from control mice that received either PBS (M0-PBS) or thioglycolate + PBS (M0-Thio) displayed a scarce presence of TRPC1, while exhibiting strong interaction between Orai1 and STIM1, as evident by robust detection of ORAI1 ([Figures 3](#fig3){ref-type="fig"}F and 3F′). STIM1 interaction with ORAI1 was unchanged in peritoneal macrophages from mice that received IFNγ ([Figures 3](#fig3){ref-type="fig"}F and 3F′), whereas cells from the IFNγ-treated mice displayed increased STIM1-TRPC1 interaction (∼4-fold) compared with the cells from mice given PBS or thioglycolate only ([Figures 3](#fig3){ref-type="fig"}F and 3F′). Consistent with the ability of IFNγ to elevate TRPC1 expression *in vitro*, peritoneal macrophages from mice given thioglycolate and IFNγ displayed significantly induced expression of TRPC1 (increased by ∼6-fold), whereas the ORAI1 level remains unchanged in these cells compared with the peritoneal macrophages from mice that received thioglycolate only ([Figures 3](#fig3){ref-type="fig"}G and 3G′).

TRPC1-Deficient Macrophage Are Impaired in Their Ability to Develop IFNγ-Induced M1 Inflammatory Response *In Vitro* {#sec2.4}
--------------------------------------------------------------------------------------------------------------------

To determine the effect of TRPC1 on the induction of the M1 functional phenotype, a series of experiments were performed to directly compare signaling, transcriptional responses, and surface expression of maturation markers. Unstimulated BM macrophages that were transfected with non-targeting siRNA (M0-siC) or TRPC1 siRNA (M0-siT1) displayed a low basal pSTAT1 and pNF-κB (pp65) ([Figures 4](#fig4){ref-type="fig"}A and 4A′). However, when stimulated with IFNγ, only BM macrophages that were transfected with non-targeting siRNA (M1-siC) displayed induced elevated amounts of pSTAT1 and pp65 ([Figures 4](#fig4){ref-type="fig"}A and 4A′). Importantly, IFNγ-induced pSTAT-1 and pp65 levels were also significantly reduced by severalfold in BM macrophages that were transfected with TRPC1 siRNA (BM1-siT1) at all time points tested ([Figures 4](#fig4){ref-type="fig"}A′ and [S6](#mmc1){ref-type="supplementary-material"}A). Next, the effects of IFNγ on TRPC1-deficient and TRPC1-positive cells were compared *in vitro* for the production of signature M1 inflammatory molecules: anti-microbial effectors (e.g., NO and NOS2), cytokines (e.g., TNF-ᾳ, interleukin \[IL\]-6, IL-23), Th1-recruiting chemokines (e.g., CXCL9, CXCL10), and factors involved in promoting cytotoxic adaptive immunity (e.g., major histocompatibility complex class II \[MHC-II\] and costimulatory molecules CD80, CD86) ([@bib24]). M2 functional phenotypic signature factors (e.g., Arg1, CCL22) were also analyzed to have better clarity about the biological significance of the role of TRPC1. IFNγ treatment resulted in the presence of large amounts of NO by 18 hr post-exposure in the supernatants of control siRNA-transfected BM macrophages ([Figure 4](#fig4){ref-type="fig"}B) or BM macrophages that are isolated from WT mice ([Figure S5](#mmc1){ref-type="supplementary-material"}). In contrast, NO level was barely detected in supernatants of IFNγ-stimulated macrophage transfected with TRPC1-siRNA ([Figure 4](#fig4){ref-type="fig"}B) or BM macrophage isolated from TRPC1^−/−^ mice ([Figure S5](#mmc1){ref-type="supplementary-material"}). IFNγ exposure of TRPC1-sufficient BM macrophages that either are isolated from WT mice or were transfected with non-targeting siRNA (M1-siC) displayed induced expression of NOS2, TNF-α, IL-6, IL-23, CXCL9, and CXCL10 ([Figures 4](#fig4){ref-type="fig"}C and [S7](#mmc1){ref-type="supplementary-material"}). In contrast, in the absence of TRPC1 BM macrophages that are isolated from TRPC1^−/−^ mice (M1-TRPC1^−/−^) or BM macrophages that were transfected with TRPC-siRNA (M1-siT1), IFNγ exposure resulted in significantly lower expression of M1 phenotype factors ([Figures 4](#fig4){ref-type="fig"}C, 4D, and [S7](#mmc1){ref-type="supplementary-material"}). Among the two M2 anti-inflammatory mediators analyzed, CCL22 and arginase-1 (ARG-1) expression were found to be unaffected by IFNγ exposure in TRPC1-positive and TRPC1-deficient BM macrophages *in vitro* ([Figures 4](#fig4){ref-type="fig"}D and [S7](#mmc1){ref-type="supplementary-material"}). Next, flow cytometry was performed to analyze the effect of TRPC1 on the surface expression of maturation markers MHC-II, CD80, and CD86. BM macrophage transfected with control siRNA exposed to IFNγ showed increased surface expression of MHC-II, CD80, and CD86 when compared with mock cells cultured in the presence of the medium alone ([Figures 4](#fig4){ref-type="fig"}E, 4E′, and [S6](#mmc1){ref-type="supplementary-material"}B). However, BM macrophage transfected with TRPC1-siRNA exposed to IFNγ exhibited an inhibition of IFNγ-induced upregulation of MHC-II and costimulatory molecules CD80 and CD86, which was statistically significant ([Figures 4](#fig4){ref-type="fig"}E, 4E′, and [S6](#mmc1){ref-type="supplementary-material"}B). Together these results demonstrate that the absence of TRPC1 efficiently prevents the development of the IFNγ-induced M1 functional phenotype in macrophages *in vitro*.Figure 4Effect of TRPC1 Deficiency on the Ability of IFNγ to Induce M1 Macrophages *In Vitro*To analyze the effect of TRPC1 deficiency on M1 macrophage functions, BM macrophages from WT and TRPC1^−/−^ mice were generated *in vitro.* In addition, BM macrophages from C57BL/6 mice were transfected with non-targeting siRNA or TRPC1 siRNA to transiently knock down TRPC1. Cells were cultured in the presence or absence of IFNγ, and the level of M1-associated signature immune mediators and transcriptions factors were measured by western blot, RT-PCR, and colorimetric assay.(A) BM macrophages transfected with non-targeting siRNA (siC), or TRPC1 siRNA (siT1) were pulsed with medium alone (M0-siC, M0-siT1) or IFNγ (M1-siC, M1-siT1). Immunoblot analysis were performed using anti-pSTAT1, anti-pNFκB p65 (pp65), STAT1, and p65. The average pixel intensity of the pSTAT1 and pp65 protein bands from three independent experiments is shown in A′.(B) NO was assessed by colorimetric assay in supernatants collected at 24 hr from SiC and siT1 cells treated as described in (A).(C) The relative mRNA expression of M1 inflammatory mediators, NOS2, IL-23, CXCL9, and CXCL10 in BM macrophages transfected with control siRNA (siC) or TRPC1 siRNA (siT1) and pulsed for 24 hr with IFNγ (M1) versus medium only (M0).(D) The relative mRNA levels of M1 inflammatory mediators, NOS2, TNF-ᾳ, IL-6, IL-23, CXCL9, and CXCL10, and M2 anti-inflammatory mediators, CCL22 and arginase-1 (ARG-1), were analyzed in BM macrophages from WT and TRPC1^−/−^ mice and pulsed for 24 hr with IFNγ (M1) versus medium only (M0).(E) BM macrophages transfected with control siRNA or TRPC1 siRNA and pulsed for 24 hr with medium only (M0-siC, M0-siT1) or IFNγ (M1-siC, M1-siT1). The surface expression of costimulatory molecule CD86 was measured by flow cytometry. Plots in (E′) depict the mean ± SEM of M0-siC, M0-siT1, M1-siC, and M1-siT1 cells expressing MHC-II, CD80, or CD86 as measured by flow cytometry (density plots shown in E and [Figure S4](#mmc1){ref-type="supplementary-material"}B).\*p ≤ 0.05, \*\*p ≤ 0.01, \*\*\*p ≤ 0.001 (Student\'s t test).See also [Figures S4--S7](#mmc1){ref-type="supplementary-material"}.

TRPC1 Is Critical for Induction of M1 Inflammatory Response in IFNγ-Primed Peritoneal Macrophages *In Vivo* {#sec2.5}
-----------------------------------------------------------------------------------------------------------

To determine if TRPC1 participates in the induction of the M1 inflammatory response *in vivo*, we used the previously described murine peritonitis model. Peritoneal macrophages from mice that were given IFNγ and control siRNA (M1-siC) displayed upregulated amounts of pSTAT1 and pp65 when compared with cells from mice that received PBS only (M0-WT) ([Figures 5](#fig5){ref-type="fig"}A and 5A′). In contrast, peritoneal macrophages from mice that received TRPC1-siRNA and IFNγ (M1-siT1) had negligible amounts of pSTAT1 or pp65 ([Figures 5](#fig5){ref-type="fig"}A and 5A′). Likewise, peritoneal macrophages from WT mice that received IFNγ (M1-WT) displayed increased pSTAT1 and pp65 when compared with peritoneal macrophages from PBS-injected mice (M0-WT) ([Figures 5](#fig5){ref-type="fig"}B and 5B′). On the contrary, peritoneal macrophages from TRPC1^−/−^ mice that received IFNγ (M1-TRPC1^−/−^) presented no change in pSTAT1 and pp65 levels when compared with the peritoneal macrophages from TRPC1^−/−^ mice that received PBS only (M0-TRPC1^−/−^) ([Figures 5](#fig5){ref-type="fig"}B and 5B′). Moreover, peritoneal macrophages from mice that were given control siRNA, similar to the cells from WT mice, exhibited robust increase in the expression of NOS2, TNF-α, IL-6, IL-23, CXCL9, and CXCL10 in response to IFNγ compared with vehicle/PBS ([Figures 5](#fig5){ref-type="fig"}D and [S8](#mmc1){ref-type="supplementary-material"}). On the contrary, peritoneal macrophages from mice that were given TRPC1-siRNA ([Figure 5](#fig5){ref-type="fig"}D), similar to the cells from TRPC1^−/−^ mice, had impaired upregulation of NOS2, TNF-α, IL-6, IL-23, CXCL9, and CXCL10 gene expression while exhibiting no effect on the expression of M2 molecules CCL22 and ARG-1 ([Figure 5](#fig5){ref-type="fig"}C). Gene expression of all these inflammatory mediators was detected at a significantly lower level in TRPC1-deficient peritoneal macrophages in response to IFNγ when compared with the TRPC1-positive macrophages ([Figure 5](#fig5){ref-type="fig"}C). These results suggest that TRPC1 is required for i*n vivo* IFNγ-activated M1 inflammatory macrophage responses.Figure 5TRPC1 Deficiency Results in Reduced IFNγ-Induced Phosphorylation of STAT1 and NF-κB as well as Impaired Production of M1 Inflammatory Mediators in Peritoneal Macrophages *In Vivo*Immunoblotting and qRT-PCR analysis were performed on peritoneal macrophages from IFNγ i.p.-injected WT and TRPC1^−/−^ mice. IFNγ-induced effect was also analyzed in peritoneal macrophages in which TRPC1 was transiently knocked down *in vivo* by i.p. injection of TRPC1 siRNA before the animals received IFNγ.(A) Peritoneal macrophages transiently deficient in TRPC1 or control cells from mice that received siRNA specific for TRPC1 or non-targeting siRNA were harvested 24 hr after i.p. injection with vehicle (M0-siC, M0-siT1) or IFNγ (M1-siC, M1-siT1). Western blot analysis using anti-pSTAT1, pp65, p65, STAT1, and anti-GAPDH was performed on equal amount of the respective cell lysates. The bar graph (A′) depicts average ± SEM of pixel intensity of the pSTAT1 and pp65 protein bands.(B) Immunoblots of pSTAT1 and pp65 levels in peritoneal macrophages from PBS- (M0) or IFNγ (M1)-injected WT and TRPC1^−/−^mice. The bar graph (B′) depicts averages ±SEM of pixel intensity of the pSTAT1 and pp65 protein bands.(C) The expression of M1-associated inflammatory mediators and M2-specific anti-inflammatory mediators measured by qRT-PCR in peritoneal macrophages from PBS- (M0) or IFNγ (M1)-injected WT and TRPC1^−/−^mice.(D) The expression of M1-associated inflammatory mediators in M0 and M1 peritoneal macrophages from PBS- (M0) or IFNγ (M1)-injected mice measured by qRT-PCR after *in vivo* treatment with siC or siT1 RNA, detailed in (A).\*\*\*p ≤ 0.001 (Student\'s t test).See also [Figure S8](#mmc1){ref-type="supplementary-material"}.

Macrophages in TRPC1-Deficient Mice Display Impaired Ca^2+^ Influx and Ability to Induce the M1 Inflammatory Protective Response during *Klebsiella pneumoniae* Infection {#sec2.6}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To determine whether TRPC1-mediated Ca^2+^ influx is involved in the development of the M1 inflammatory phenotype in a clinically relevant infection, a murine model of peritonitis was used ([Figure 6](#fig6){ref-type="fig"}A). WT and TRPC1^−/−^ mice were i.p. infected with *Klebsiella pneumoniae* (KPn) or PBS (mock) for 24 hr before collection of peritoneal macrophages for Ca^2+^ imaging and electrophysiological analysis *ex vivo*. Peritoneal macrophages from mock and KPn-infected WT and TRPC1^−/−^ mice in response to Tg in a Ca^2+^-free buffer show similar internal Ca^2+^ release ([Figures 6](#fig6){ref-type="fig"}A1 and 6A2) and a similar Ca^2+^ influx upon addition of external Ca^2+^ to Tg-treated cells. In contrast, Tg stimulation of peritoneal macrophages from KPn-infected WT mice in a Ca^2+^-free buffer resulted upon subsequent Ca^2+^ addition in a significantly increased influx of Ca^2+^ compared with that seen in mock peritoneal macrophages (second peak, [Figure 6](#fig6){ref-type="fig"}A1; quantitative data are shown as bar graph, [Figure 6](#fig6){ref-type="fig"}A2). In contrast, TRPC1^−/−^ peritoneal macrophages from KPn-infected mice failed to show any significant increase in Ca^2+^ influx when compared with mock control ([Figure 6](#fig6){ref-type="fig"}A1). Moreover, peritoneal macrophages from infected TRPC1^−/−^ mice exhibited significantly lower Ca^2+^ influx compared with the cells from the WT animals ([Figure 6](#fig6){ref-type="fig"}A2). Indeed, electrophysiological recordings in these cells when stimulated with Tg in the presence of 2 mM external Ca^2+^ display a rapid and significant increase in Ca^2+^ currents only in peritoneal macrophages from WT-infected mice ([Figure 6](#fig6){ref-type="fig"}A3). Consistent with the above results, Ca^2+^ currents were also greatly attenuated in TRPC1^−/−^ peritoneal macrophages from KPn-infected mice ([Figure 6](#fig6){ref-type="fig"}A3).Figure 6TRPC1 Mediates Ca^2+^ Influx in Macrophage during Preclinical Peritonitis due to *Klebsiella pneumoniae* (KPn) Infection and in Human Patients with SIRS(A) Calcium imaging and electrophysiological recordings were performed on peritoneal macrophage from WT and TRPC1^−/−^ mice i.p. infected with KPn for 24 hr.(A1) Peritoneal macrophages from WT and TRPC1^−/−^ KPn-infected mice loaded with Fura-2AM and Tg added in Ca^2+^-free medium to measure the internal Ca^2+^ release (first peak) before addition of external Ca^2+^ as indicated to measure Ca^2+^ entry/influx through the plasma membrane (second peak). Analog plot of the fluorescence ratio (340/380 nm) from an average of 40--50 cells is shown. The bar graph (A2) indicates average ratio ± SEM of the Ca^2+^ release (first peak) and store-operated Ca^2+^ entry (SOCE) (second peak). (A3) Representative Ca^2+^ currents at −80 mV from a 0 mV holding potential of peritoneal macrophages from WT and TRPC1^−/−^KPn-infected mice by whole-cell patch-clamp analysis with 1 μM Tg in the pipette solution. (A4) I-V curves showing the TRPC1 channel-associated signature I~soc~ in peritoneal macrophages from KPn-infected WT, but not in TRPC1^−/−^ mice. The signature current for ORAI1 channels (I~crac~) was present in peritoneal macrophages from mock control WT and KPn-infected TRPC1^−/−^ mice. Average current density recordings from 8 to 10 cells at −80 mV and corresponding statistics are shown in the bar graph (A5). (A6) From the KPn-infected WT and TRPC1^−/−^ mice, peritoneal lavage, and liver and blood samples were collected. Liver was homogenized. Blood or liver homogenate or peritoneal lavage samples were serially diluted and plated on LB plates. Bacterial burden was enumerated after incubating the plates overnight at 37°C. Results shown here are mean ± SE from three experimental animals (n = 3). \*p \< 0.05\*\*, p ≤ 0.01, \*\*\*p ≤ 0.001 (Student\'s t test).(B) M1 inflammatory activation phenotype in circulating monocytes/macrophage in humans with SIRS correlated with TRPC1 expression. Blood samples were collected from patients with SIRS every 24 hr for up to 10 days or until discharged from the ICU. PBMCs from patient and healthy donors (HC) were isolated and circulating monocytes/macrophages purified by positive magnetic selection. (B1) Western blot analysis using anti-TRPC1 and anti-ORAI1 was performed on cell lysates. GAPDH was used as loading control. The bar graph (B2) depicts averages ±SEM of pixel intensity of the TRPC1 and ORAI1 protein bands. Representative of n = 4 healthy donors and patients with SIRS. (B3) The expressions of M1-associated inflammatory mediators, CXCL9 and CXCL10, and M2 anti-inflammatory mediator, CCL22, were measured by qRT-PCR. \*p \< 0.05, \*\*p ≤ 0.01 (Student\'s t test).

Electrophysiological recordings showed that peritoneal macrophages from KPn-infected WT mice developed a non-selective Ca^2+^ current that reversed between 0 and 5 mV, which is consistent with TRPC1-dependent I~SOC~ currents ([Figures 6](#fig6){ref-type="fig"}A4 and 6A5). However, peritoneal macrophages from KPn-infected TRPC1^−/−^ mice failed to show an increase in Ca^2+^ current ([Figures 6](#fig6){ref-type="fig"}A4 and 6A5), suggesting the important role played by TRPC1 in SOCE in activated macrophages during bacterial infection of the host. Indeed, macrophage from KPn-infected TRPC1^−/−^ mice displayed slightly inward-rectifying Ca^2+^ currents (ORAI1-dependent Ca^2+^ current) ([Figure 6](#fig6){ref-type="fig"}A4) as observed in naive/M0 macrophage from WT and TRPC1^−/−^ mice ([Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}). Thus results from this study clearly demonstrate that the KPn infection in mice induced an increased Ca^2+^ influx specifically through the TRPC1 channels on the PM of macrophage.

Macrophages from KPn-Infected TRPC1^−/−^ Mice Exhibit Reduced STAT1 and NFκB p65 Activation and Express Lower Levels of M1 Inflammatory Mediators {#sec2.7}
-------------------------------------------------------------------------------------------------------------------------------------------------

Because macrophages activate specific polarizing signal transduction pathways (STAT1, p65, and NF-κB in M1 inflammatory and STAT6 in M2 anti-inflammatory macrophages), we performed western blot analysis on cell homogenates to measure the levels of pSTAT1 and pSTAT6 in peritoneal macrophages from KPn-infected WT and TRPC1^−/−^ mice. In both strains, peritoneal macrophages from mock-infected mouse peritoneum displayed low basal levels of pSTAT1 and pp65 ([Figures 7](#fig7){ref-type="fig"}A and 7A′). Peritoneal macrophages from KPn-infected WT mice exhibited increased levels of pSTAT1 and pp65 ([Figures 7](#fig7){ref-type="fig"}A and 7A′). In contrast, peritoneal macrophages from infected TRPC1^−/−^ mice failed to display an increase in pSTAT1 and pp65 ([Figures 7](#fig7){ref-type="fig"}A and 7A′). This effect was selective for M1-associated signaling as pSTAT6 levels remained undetectable in peritoneal macrophages from both the WT and TRPC1^−/−^ mock and infected mice (data not shown). Thus the data suggest that induction of M1 macrophage-specific signal transduction pathways was completely inhibited in the absence of TRPC1 in mice undergoing bacterial infection.Figure 7Peritoneal Macrophage from TRPC1^−/−^ Mice Exhibit Reduced M1 Inflammatory Responses during Experimental Peritonitis due to *Klebsiella pneumoniae* Infection(A) Peritoneal macrophages from mock control (M) and KPn-infected WT and TRPC1^−/−^ mice were harvested. Western blot analysis using anti-pSTAT1, pp65, p65, STAT1, and GAPDH was performed on equal amount of the respective cell lysates. GAPDH, p65, and STAT1 were used as loading control. The bar graph (A′) depicts averages ± SEM of pixel intensity of the pSTAT1 and pp65 protein bands.(B) Peritoneal macrophages from mock control (M) and KPn-infected WT and TRPC1^−/−^ mice were harvested, and the relative mRNA expression of M1 inflammatory mediators, NOS2, TNF-ᾳ, IL-6, IL-23, CXCL9, and CXCL10, and M2 anti-inflammatory mediators, CCL22 and ARG-1, was measured by qRT-PCR.\*\*p ≤ 0.01, \*\*\*p ≤ 0.001 (Student\'s t test).

To assess the functional relevance of TRPC1 on the induction of M1 inflammatory response in a clinically relevant infection model, RT-PCR was performed to measure key inflammatory mediators in peritoneal macrophages from mock and KPn-infected WT and TRPC1^−/−^ mice. In both strains, peritoneal macrophages from mock-infected mice displayed low basal levels of M1 signature factors, NOS2, TNF-α, IL-6, IL-23, CXCL9, and CXCL10 ([Figure 7](#fig7){ref-type="fig"}B). On the contrary, peritoneal macrophages upon KPn infection in WT mice exhibited significantly robust increase in expression of all these signature M1 inflammatory mediators at 24 hr post-infection ([Figure 7](#fig7){ref-type="fig"}B). In contrast, the transcript levels of all these M1 inflammatory mediators were detected at a significantly lower level in peritoneal macrophages from KPn-infected TRPC1^−/−^ mice (p \< 0.001) ([Figure 7](#fig7){ref-type="fig"}B). We also performed flow cytometry analysis to examine the differences in the surface expression of maturation markers, MHC-II, CD80, and CD86, on macrophages from TRPC1^−/−^ and WT mock and KPn-infected mice. The increased expression of MHC-II, CD80, and CD86, in KPn-infected WT mice was partially inhibited in macrophage from KPn-infected TRPC1^−/−^ mice when compared with WT mice (data not shown). This impaired M1 inflammatory response was correlated with a significantly higher bacterial load in the peritoneal lavage, liver, as well as blood ([Figure 6](#fig6){ref-type="fig"}A6) of these animals when compared with the WT mice. Taken together, the data clearly demonstrate that absence of TRPC1-dependent Ca^2+^ influx leads to significant inhibition of M1 inflammatory responses in macrophages during KPn infection of mice, which likely contributes to the increased bacteremia of TRPC1 mice to this infection.

Correlation between Expression of TRPC1 and M1 Inflammatory Mediators in Macrophages of Patients with SIRS {#sec2.8}
----------------------------------------------------------------------------------------------------------

We next assessed if the results obtained from the mouse models could be extrapolated to human disease condition. To this end, peripheral blood mononuclear cells (PBMCs) of a prospective cohort of individuals exhibiting symptoms of SIRS admitted to the intensive care unit (ICU) were isolated from blood samples obtained every 24 hr for 10 days or until discharge. Monocytes/macrophages purified from patients\' samples as well as healthy age- and sex-matched controls by positive selection followed by kinetic expression of TRPC1 and ORAI1 by western blot. In line with our results from murine studies, TRPC1 protein was barely detectable in circulating monocytes/macrophages of healthy control (HC) humans ([Figure 6](#fig6){ref-type="fig"}B1). Patients with SIRS exhibited 20- to 40-fold higher levels of TRPC1 expression at all post-admission times tested ([Figure 6](#fig6){ref-type="fig"}B2). Interestingly, the increase in TRPC1 protein expression correlated with the severity of SIRS ([Figures 6](#fig6){ref-type="fig"}B1 and 6B2). A concomitant higher transcript level of M1 inflammatory mediators CXCL9 and CXCL10, but not CCL22 (M2 anti-inflammatory mediator) was observed in monocytes/macrophages from these patients ([Figure 6](#fig6){ref-type="fig"}B3). The baseline expression of ORAI1 was found to be higher than that of TRPC1 in HCs ([Figures 6](#fig6){ref-type="fig"}B1 and 6B2). Patients with SIRS, however, did not show any change in expression of ORAI1 ([Figures 6](#fig6){ref-type="fig"}B1 and 6B2), reproducing our findings in peritonitis mice model or in *in vitro* after IFNγ stimulation. Overall, analysis of human patient samples correlated TRPC1, but not ORAI1, with M1 inflammatory phenotypic activation in macrophages.

Discussion {#sec3}
==========

In the last decade, there has been an increased appreciation of the Ca^2+^-mediated regulation of inflammation in autoimmunity and immune response against pathogens. Previous studies have clearly identified an association of mutations in Ca^2+^ signaling pathways with severe immune deficiency in humans ([@bib41]). Several experimental models complemented these studies by showing a defect in Ca^2+^ signaling as the cause of impaired T cell and B cell responses ([@bib15], [@bib21]). However, the role of Ca^2+^ and the identity of specific Ca^2+^ channels that regulate innate immune functions involving macrophage M1 activation phenotype have been largely elusive. The data presented here show an essential function of agonist-induced Ca^2+^ influx in the activation of functional phenotype-determining transcription factors and gene expression of signature M1 inflammatory molecules. Importantly, these studies identify a novel function of TRPC1 in the induction of Ca^2+^ influx during macrophage polarization to the M1-activated phenotype in multiple experimental models *in vitro* and *in vivo*.

Macrophage responses to different pattern recognition receptor (PRR) ligands have been linked to Ca^2+^ signals ([@bib18], [@bib70], [@bib71]), but direct inhibition studies of Ca^2+^ elevations on the functions of these cells are disparate. The discrepancies are particularly evident among studies reporting the role of SOCE in macrophage functions ([@bib8]). For example, studies using *stim1*^*−/−*^ mice display abrogated SOCE and markedly reduced Ca^2+^ elevations upon FcγR cross-linking in peritoneal macrophages ([@bib2]). The observed reduced FcγR-dependent phagocytosis in these settings, and the fact that the chimeric s*tim1*^*−/−*^ mice were resistant to IgG-dependent autoimmune hemolytic anemia (AIHA), as well as autoimmune thrombocytopenia and anaphylaxis, provide support for the idea that Ca^2+^ elevations by SOCE are an important contributor to macrophage functions. Moreover, studies involving s*tim2*^*−/−*^ mice showed a reduced production of inflammatory mediators correlated with increased survival during lipopolysaccharide (LPS)-induced sepsis ([@bib53]). Although these s*tim2*^*−/−*^ mice were not protected from AIHA, it provides additional support for the idea that Ca^2+^ plays a role in macrophage functions. In contrast, a study using conditional deletion of both the *Stim* genes (*Stim1*^*fl/fl*^; *Stim2*^*fl/fl*^) alone or together in macrophages shows that despite a reduced SOCE, immune functions such as phagocytosis as well as the production of several cytokines in response to several PRR ligands were unaffected ([@bib63]). Interestingly, in this setting, abolishing Ca^2+^ signaling by chelation of intracellular Ca^2+^ with BAPTA (1,2-bis(*o*-aminophenoxy)ethane-*N*,*N*,*N′*,*N′*-tetraacetic acid) or 2APB reduced macrophage functions in terms of antigen presentation or IL-1β secretion, respectively, following PRR activation. Thus, despite discrepancies in the role of SOCE, there is a strong indication for Ca^2+^ signals contributing to macrophage function(s). In this regard, Ca^2+^ imaging studies presented here showed that IFNγ exposure increases Ca^2+^ influx. Moreover, 2APB treatment inhibits this IFNγ -induced Ca^2+^ influx, which correlated with an attenuated M1 pro-inflammatory response. Thus our findings provide strong support for the functional role of Ca^2+^ entry in macrophage polarization to M1 phenotype.

The finding from electrophysiological studies on M0-like cells from both unstimulated BM macrophages *in vitro* and *in vivo* peritoneal macrophages from vehicle-injected control mice show a highly Ca^2+^-selective inward-rectifying current. This phenotype of Ca^2+^ current typically corresponds to the ORAI channel. Indeed, our results show that ORAI1 is highly expressed, and interacts with STIM1, indicating the functional relevance of this channel in naive/M0 macrophage. In contrast, TRPC1, which at the protein level is barely detected in M0 macrophages, increases gradually upon IFNγ treatment. Since ORAI1-siRNA-treated naive/M0 macrophages displayed a massive reduction in I~CRAC~ currents, it provides additional support for a fundamentally important function of ORAI1 in basal Ca^2+^ influx in macrophage. However, although ORAI1-siRNA-treated BM macrophage *in vitro* or peritoneal macrophages *ex vivo* exposed to IFNγ display reduced Ca^2+^ currents, there was no difference observed in macrophage lacking ORAI1 under M1-polarizing conditions. If IFNγ exposure activates ORAI1-dependent Ca^2+^ influx, we would expect to observe a larger decrease in Ca^2+^ current in IFNγ-activated ORAI-siRNA-treated macrophage *in vitro* or *in vivo*. Moreover, western blot analysis should have shown an increased ORAI1 level and/or increased ORAI-STIM1 interaction during IFNγ-activated polarization to M1 phenotype when compared with the M0/naive macrophages, which we did not observe. Instead, we found a massive increase in Ca^2+^ current with channel properties typically linked to TRPC1-dependent Ca^2+^ influx in the IFNγ-activated cells polarized to the M1 phenotype, both in *in vitro* and in *in vivo* settings. Importantly, the IFNγ-induced increase in Ca^2+^ current was abolished in TRPC1-deficient macrophages from mice that received TRPC1-siRNA or macrophages from TRPC1^−/−^ mice. This was also correlated with an inhibition of the IFNγ-activation-induced increase in intracellular Ca^2+^ levels in TRPC1-deficient macrophage. The IFNγ-induced increase in TRPC1 protein in BM macrophage *in vitro* or in peritoneal macrophages from mice injected with IFNγ further support a central role of TRPC1 in Ca^2+^ influx during polarization of naive macrophage to M1 functional phenotype.

Our findings raised the fundamental question of whether the M1 activation-induced TRPC1-dependent Ca^2+^ influx is functional and regulates the induction of inflammatory molecules in macrophages. Indeed, the expression of various key M1-associated inflammatory molecules, e.g., the enzyme NOS2, the Th1-recruiting chemokines CXCL9 and CXCL10, as well as the inflammatory cytokines TNF-α and IL-6, were inhibited in TRPC1-deficient BM macrophage following stimulation with the M1 polarizing stimulus IFNγ. In addition, activation of transcription factors STAT1 and NF-κB induced by IFNγ was attenuated in these TRPC1-deficient cells. Similarly, in IFNγ-injected TRPC1^−/−^ mice or WT mice that received TRPC1-siRNA, the expression of these M1 inflammatory mediators was impaired in peritoneal macrophages at the site of inflammation, again highlighting the critical function of the TRPC1-dependent Ca^2+^ influx activated by IFNγ exposure in mediating the M1 functional phenotype.

Among the known TRP channel proteins, the role of TRPM2, TRPV4, TRPC3, and TRPC4 has been shown in macrophage functions ([@bib9], [@bib19], [@bib49]). The absence of TRPC3 is linked to a reduced ER stress-induced apoptosis/necrosis in M1 macrophages present in advanced atherosclerotic plaques ([@bib52], [@bib55], [@bib54]). TRPM2, was shown to promote macrophage-associated inflammation, which was thought to provide protection from *L. monocytogenes* infection ([@bib28]) while exacerbating obesity-induced insulin resistance ([@bib72]). In contrast, TRPM4 was found to mediate Na^+^ influx to antagonize Ca^2+^ influx ([@bib51]) and inhibit macrophage function in a sepsis model ([@bib51]). These findings directly support the relevance of TRP proteins in innate immune function, and it is possible that other TRP members could promote the development of specialized functions in macrophages. Our findings show the specific involvement of TRPC1 in mediating intracellular Ca^2+^ increase in a murine bacterial peritonitis model thereby substantiating that this mechanism is relevant in *in vivo* immunopathological situations. Similar to our findings using IFNγ-activated macrophages, macrophages from the peritoneum of KPn-infected TRPC^−/-^ mice produced less M1 pro-inflammatory cytokines, chemokines, signature enzymes, and surface maturation markers than those of WT mice. These findings are directly relevant to human disease, and it is notable that we recently reported that immune suppressive helminth molecules specifically inhibit LPS (M1 stimuli)-induced and Tg-induced TRPC1 channel activity in macrophages ([@bib5], [@bib58]). In a recent report, we have also shown that deficiency of TRPC1 impairs host defense and pro-inflammatory responses to bacterial Infection ([@bib73]). However, it is difficult to ascertain the exact clinical significance of the observed high TRPC1 level in macrophages with M1, but not M2, phenotype during SIRS, as M1 inflammatory response plays protective role in killing microbes, whereas an exuberant inflammatory response has been linked to the development of severe pathology in sepsis. Nevertheless, these results coupled with our data showing uncontrolled bacteremia in Kpn-infected TRPC1−/− mice leads us to posit that TRPC1-mediated M1 inflammatory response by macrophage is important in providing immunity to microbial infection. On the other hand, as persistent inflammation is linked to a majority of chronic immune/autoimmune disorders, we anticipate TRPC1-mediated M1 inflammatory response may function in exacerbating chronic inflammatory disease conditions, a hypothesis we are currently investigating. *In toto*, the finding that induction of TRPC1-mediated Ca^2+^ influx occurs in macrophage polarization to M1 phenotype caused by IFNγ activation or bacterial infection, and that absence of TRPC1 completely inhibits M1 cell activation, may offer important mechanisms to target in inflammatory disease conditions.

Limitations of Study {#sec3.1}
--------------------

We show that the function of TRPC1 is necessary, but the study design does not address if it is sufficient for the development of M1 inflammatory phenotypic response in macrophages. Sensing of M1-inducing stimuli by surface receptors needs integration of many signaling events into a coherent pattern of gene transcription reprogramming. In this regard, other PM calcium channel(s), despite not contributing to M1 stimuli-induced calcium influx, may in a parallel manner control selective physiological processes underlying phenotype-specific gene expression. Finally, our data with TRPC1 expression and M1 inflammatory mediators in circulating monocytes/macrophages in patients with SIRS is only correlative and does not directly address the precise function of TRPC1 in development/sustenance of M1 inflammatory macrophages in these patients.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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